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a b s t r a c t

Modern and ancient wood is a valuable terrestrial record of carbon ultimately derived from the atmo-
sphere and oxygen inherited from local meteoric water. Many modern and fossil wood specimens display
rings sufficiently thick for intra-annual sampling, and analytical techniques are rapidly improving to
allow for precise carbon and oxygen isotope measurements on very small samples, yielding unprece-
dented resolution of seasonal isotope records. However, the interpretation of these records across diverse
environments has been problematic because a unifying model for the quantitative interpretation of
seasonal climate parameters from oxygen isotopes in wood is lacking. Towards such a model, we
compiled a dataset of intra-ring oxygen isotope measurements on modern wood cellulose (d18Ocell) from
33 globally distributed sites. Five of these sites represent original data produced for this study, while the
data for the other 28 sites were taken from the literature. We defined the intra-annual change in oxygen
isotope value of wood cellulose [D(d18Ocell)] as the difference between the maximum and minimum
d18Ocell values determined within the ring. Then, using the monthly-resolved dataset of the oxygen
isotope composition of meteoric water (d18OMW) provided by the Global Network of Isotopes in Pre-
cipitation database, we quantified the empirical relationship between the intra-annual change in
meteoric water [D(d18OMW)] and D(d18Ocell). We then used monthly-resolved datasets of temperature and
precipitation to develop a global relationship between D(d18OMW) and maximum/minimum monthly
temperatures and winter/summer precipitation amounts. By combining these relationships we produced
a single equation that explains much of the variability in the intra-ring d18Ocell signal through only
changes in seasonal temperature and precipitation amount (R2 ¼ 0.82). We show how our recent model
that quantifies seasonal precipitation from intra-ring carbon isotope profiles can be incorporated into the
oxygen model above in order to separately quantify both seasonal temperature and seasonal precipi-
tation. Determination of seasonal climate variation using high-resolution isotopes in tree-ring records
makes possible a new understanding of the seasonal fluctuations that control the environmental con-
ditions to which organisms are subject, both during recent history and in the geologic past.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Multiple empirical studies have shown the oxygen isotopic
composition of meteoric water (d18OMW) to be highly correlated
with various climate parameters on local, regional, and global
scales (e.g., Aragu�as-Aragu�as et al., 1998; Bowen, 2008; Dansgaard,
1964; Lachniet and Patterson, 2006, 2009; Rozanski et al., 1992,
1993). One fate for meteoric water is uptake by plant roots and
incorporation into plant tissues; in fact, meteoric water exerts
bert).
fundamental control on the oxygen isotope signature of plant tis-
sues (Deniro and Epstein, 1979). Because trees are long-lived and
tree fossils are abundant in the fossil record, workers have long
sought to gain physiological (Gessler et al., 2009; Offermann et al.,
2011) or environmental information from the oxygen isotope
composition of both modern (Brienen et al., 2012; Knorre et al.,
2010; Loader et al., 2010, 2007; McCarroll and Loader, 2004;
Poussart et al., 2004; Rinne et al., 2013; Saurer et al., 2008;
Treydte et al., 2006; Young et al., 2015) and ancient wood (Jahren
and Sternberg, 2002, 2003, 2008; Richter et al., 2008a; Wolfe
et al., 2012). Cellulose has been the substrate of choice because it
is resistant to degradation (e.g., Griffith et al., 2008; Jahren and
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Sternberg, 2002) and can be extracted from heterogeneous lignin
complexes (Green, 1963). Multiple studies have attempted to
calculate the d18OMW value from the d18O value of wood cellulose
(d18Ocell) using fractionations based on empirical datasets and
experimental observations (Csank et al., 2013; Richter et al., 2008b;
Saurer et al., 1997; Sternberg et al., 2007; Waterhouse et al., 2002;
Yakir and DeNiro, 1990). Most of this work has been performed
using whole leaf tissues or whole tree-rings due to the large
amount of plant tissue required for classical isotope analysis (e.g.,
Sternberg, 1989). Recent advances in cellulose extraction tech-
niques and mass spectrometry automation have allowed re-
searchers to create high-resolution intra-ring profiles of d18Ocell
based upon analyses of as little as 100 mg of cellulose (e.g., Dodd
et al., 2008; Schollaen et al., 2014). However, a unifying relation-
ship for interpreting observed patterns in d18Ocell extracted from
across tree-rings is lacking. Multiple studies have shown that in-
dividual trees may have different d18Ocell absolute values, even
when growing at the same site, under the same conditions
(Reynolds-Henne et al., 2009; Richter et al., 2008b; Wang et al.,
1998) and authors have concluded that the search for a single
environmental signal to explain absolute d18Ocell values across all
sites is futile (McCarroll and Loader, 2004). We have shown else-
where that the relative change in the carbon isotope (d13C) values
measured from intra-ring profiles provides valuable quantitative
paleoclimate information, despite the fact that absolute values of
d13C in wood differed between individual trees at the same site
(Schubert and Jahren, 2011). Here we sought to evaluate a similar
approach for high-resolution intra-ring d18Ocell measurements.

Towards this, we present new intra-ring d18Ocell profiles from
five widely distributed sites, and combine these new data with 28
other similar records from the literature to form a global dataset of
intra-annual profiles of d18Ocell from 792 tree rings measured at 33
sites. We analyze the dataset to quantify a relationship between
intra-annual changes in d18Ocell measured across tree rings and the
intra-annual change in d18OMW across all sites. We then use these
data and a global dataset of monthly d18OMW and climate data to
produce an empirical relationship explaining the intra-annual
d18Ocell patterns observed in tree rings worldwide. Last, we
combine this result with our previous work that analyzed a global
intra-ring carbon isotope dataset (Schubert and Jahren, 2011) in
order to produce a set of equations for quantifying seasonal climate
from recent and fossil, high-resolution, tree-ring records.

2. Materials and methods

2.1. Stable isotope analysis

We sampled four consecutive rings from each of five living
trees for high-resolution intra-ring d18Ocell measurements. Given
the consistency in the intra-annual d18Ocell pattern among closely
spaced trees (e.g., Zhu et al., 2012), only a single tree was sampled
at each site. However, four rings per sample were analyzed in
order to attain an average intra-annual signal, as the d18Ocell
pattern in individual tree rings within a tree can be variable from
year-to-year (e.g., Schollaen et al., 2013). The trees grow at five
sites within Hawaii, Japan, Alaska, and Norway (two sites), which
together span more than fifty degrees of latitude, represent
tropical to arctic ecosystems, and reflect a wide range of seasonal
temperatures and precipitation amounts (Fig. 1). Five different
genera are represented: three are evergreen (Site 1: Sophora; Site
4: Picea; and Site 5: Tsuga) and two are deciduous (Site 2: Larix and
Site 3: Metasequoia) (Table 1). Using a razor blade, each tree ring
was subsampled by hand into an average of ~14 subsamples/ring
(minimum: Site 1, Sophora, 11 subsamples/ring; maximum: Site 5,
Tsuga, 18 measurements/ring) to achieve the highest resolution
possible while obtaining sufficient material for cellulose extrac-
tion and stable isotope analyses. Cellulose was extracted from a
total of 283 individual slices weighing between 1 and 3 mg using
methods modified from Brendel et al. (2000), Gaudinski et al.
(2005), and Evans and Schrag (2004). In brief, 80% acetic acid
and 67.9% nitric acid were added in a 10:1 ratio, vortexed, and
heated at 120 �C for 30 min. Samples were then washed twice
with 99% ethanol and once with deionized water; 17% (w/v) NaOH
was then added and the samples sat for 10 min. The NaOH was
decanted and the samples were rinsed with a series of washes that
included deionized water, acetic acid, ethanol, and acetone. The
samples were then allowed to dry overnight at 50 �C.
0.45e0.55 mg of the resulting pure a-cellulose samples were
weighed into silver capsules and analyzed for d18Ocell. The d18Ocell
measurements were made using a Delta V Advantage Isotope
Ratio Mass Spectrometry (IRMS) instrument coupled to a High-
Temperature Conversion Elemental Analyzer (Thermo Fisher,
Bremen, Germany) configured with a zero-blank autosampler
(Costech Analytical, Valencia, CA, USA). All d18Ocell values were
normalized to the VSMOW-SLAP scale using two internal labora-
tory a-cellulose reference materials, calibrated using benzoic acid
reference materials IAEA-601 (23.14‰) and IAEA-602 (71.28‰)
(Brand et al., 2009). Three to six replicates of an a-cellulose quality
assurance sample were analyzed as unknowns in each batch run.
The standard deviation of all d18Ocell quality assurance samples
was 0.15‰ (n ¼ 64) with an average value within 0.02‰ of the
calibrated value.

For two of the trees (Picea from Palmer, Alaska, USA, Site 4; Tsuga
from Ås, Norway, Site 5), we also produced a high-resolution, intra-
ring d13C record from the extracted cellulose. The samples were
analyzed for d13C values using the Delta V Advantage IRMS in-
strument coupled to a Costech ECS 4010 Elemental Analyzer
(Costech Analytical, Valencia, CA, USA) with the zero-blank auto-
sampler. The analytical uncertainty associated with each mea-
surement was <0.1‰.
2.2. Published tree-ring records

We augmented our dataset with a thorough survey of previ-
ously published data, including high-resolution intra-ring d18Ocell
data from 19 studies from 28 sites (Fig. 1). The comprehensive
dataset included high-resolution d18Ocell data from a total of 792
distinct rings from 33 sites spanning 112� of latitude (Table 1). We
excluded studies that only sampled earlywood and latewood (i.e.,
2 measurements per ring) (e.g., Sohn et al., 2013) and studies that
were limited to high-resolution measurements across only one
tree ring (e.g., Li et al., 2011). The resultant dataset was taxo-
nomically diverse and included 13 angiosperm genera (Carapa,
Cordia, Fagus, Goupia, Hyeronima, Ocotea, Populus, Quercus, Rhi-
zophora, Samanea, Sophora, Tachigali, and Tectona) and 7 conifer
genera (Larix, Metasequoia, Picea, Pinus, Podocarpus, Sequoia, and
Tsuga) (Table 1).
2.3. International Atomic Energy Agency (IAEA) Global Network of
Isotopes in Precipitation (GNIP) database

All long-term average monthly temperature (�C), precipitation
(mm), and d18OMW data were compiled from the IAEA GNIP data-
base, unless noted. Because the database is regularly updated as
new data are submitted and verified, the station names and data
used for our analysis are provided in Supplementary Table 3. Taken
in total, these sites span 158� of latitude ranging from 82.5 �N
(Alert, Nunavut, Canada) to 75.6 �S (Halley Bay, Antarctica) (Fig. 1).



Fig. 1. Global distribution of the five tree-ring sites for which we provide new high-resolution d18Ocell data (closed black circles), augmented by the 28 additional sites (open black
circles) for which we include previously published d18Ocell data. The 33 tree-ring sites are numbered to correspond with the site numbers listed in Table 1. Temperature and
precipitation data for each site are included within Table 2. The smaller red circles show the locations of 365 stations accessed from the IAEA GNIP database for precipitation,
temperature, and oxygen isotope information (Supplementary Table 3).

Table 1
Tree ring sampling data.

Site
no.

Location Genus Conifer/
angiosperm

No.
rings

Referencea

1 Mauna Kea, HI, USA; 19.83 �N, 155.60 �W; 2491 m Sophora Angiosperm 4 This studyb

2 Harstad, Norway; 68.84 �N, 16.49 �E; 10 m Larix Conifer 4 This study
3 University of Tokyo Tanashi Forest, Tokyo, Japan; 35.73 �N, 139.54 �E;

76 m
Metasequoia Conifer 4 This study

4 Palmer, AK, USA; 61.48 �N, 149.27 �W; 71 m Picea Conifer 4 This study
5 Nordskogen Arboretum, Ås, Norway; 59.67 �N, 10.77 �E; 108 m Tsuga Conifer 4 This study
6 Monteverde, Costa Rica; 10.30 �N, 84.80 �E; 1400 m Ocotea Angiosperm 10 (Anchukaitis et al., 2008; Fig. 6d)
7 Manaus, Brazil; 3.10 �S, 60.00 �W; 72 m Tachigali Angiosperm 3 (Ballantyne et al., 2011; Fig. 3)
8 Balmoral, New Zealand; 42.87 �S, 172.75 �E; 30 m Pinus Conifer 2 (Barbour et al., 2002; Fig. 3)
9 Matangi, New Zealand; 37.83 �S, 175.30 �E; 20 m Pinus Conifer 2 (Barbour et al., 2002; Fig. 4)
10 Kawerau, New Zealand; 38.17 �S, 176.67 �E; 407 m Pinus Conifer 2 (Barbour et al., 2002; Fig. 5)
11 Methuselah Walk, CA, USA; 37.39 �N, 118.18 �W; 3075 m Pinus Conifer 35 (Berkelhammer and Stott, 2009; Fig. 2)
12 Prince Albert, Saskatchewan, Canada; 53.22 �N, 105.67 �W; 440 m Picea Conifer 20 (Dodd et al., 2008; Fig. 3)
13 East central Saskatchewan, Canada; 54.68 �N, 103.19 �W; 340 m Larix Conifer 14 (Dodd et al., 2008; Fig. 4)
14 Green Lake State Park, Fayetteville, NY, USA; 43.05 �N, 75.97 �W; 669 m Populus Angiosperm 11 (Dodd et al., 2008; Fig. 5)
15 Harvard Forest, Petersham, MA, USA; 42.48 �N, 72.19 �W; 338 m Pinus Conifer 10 (Evans and Schrag, 2004; Fig. 5)
16 Quebrada Grande, Costa Rica; 10.00 �N, 85.00 �W; 300 m Cordia Angiosperm 36 (Evans and Schrag, 2004; Fig. 6d)
17 La Selva, Costa Rica; 10.00 �N; 84.00 �W; 40 m Hyeronima Angiosperm 17 (Evans and Schrag, 2004; Fig. 7d)
18 Hanamkonda, India; 18.02 �N, 79.57 �E; 224 m Tectona Angiosperm 2 (Managave et al., 2010; Fig. 2 AP1)
19 Jagdalpur, India; 19.08 �N, 82.03 �E; 560 m Tectona Angiosperm 5 (Managave et al., 2010; Fig. 2 Jag03)
20 Bordeaux, France; 44.72 �N, 0.77 �W; 62 m Pinus Conifer 4 (Og�ee et al., 2009; Fig. 8)
21 West Pibiri, Guyana; 5.03 �N, 58.62 �W; 73 m Carapa/Goupia Angiosperm 63 (Pons and Helle, 2011; Figs. 4e5)
22 Pangmapa, Thailand; 19.57 �N, 98.27 �W; 759 m Quercus/

Miliusa
Angiosperm 67 (Poussart and Schrag, 2005; PG1, PK1)

23 Java, Indonesia; 7.45 �S, 111.55 �E; 68 m Tectona Angiosperm 81 (Poussart et al., 2004; Figs. 2e3)
24 Bali, Indonesia; 8.65 �S, 115.22 �E; 32 m Samanea Angiosperm 37 (Poussart et al., 2004; Fig. 5 Suar1,

Suar3)
25 Chiang Mai, Thailand; 18.5 �N, 98.50 �E; 1455 m Podocarpus Conifer 7 (Poussart et al., 2004; Fig. 6)
26 Arcata, CA, USA; 40.88 �N, 124.07 �W; 158 m Sequoia Conifer 20 (Roden et al., 2009; Fig. 2)
27 Samos, Greece; 37.70 �N, 26.63 �E; 225 m Pinus Conifer 2 (Sarris et al., 2013; Fig. 4b)
28 Gazi Bay, Kenya; 4.42 �S, 39.50 �E; 22 m Rhizophora Angiosperm 5 (Verheyden et al., 2004; Fig. 4b)
29 Hamilton, New Zealand; 37.78 �S, 175.28 �E; 20 m Pinus Conifer 2 (Wilson and Grinsted, 1978; Fig. 3)
30 Kirirom National Park, Cambodia; 11.29 �N, 104.25 �E; 675 m Pinus Conifer 301 (Zhu et al., 2012)
31 Central Java, Indonesia; 7.87 �S, 111.18 �E; 380 m Tectona Angiosperm 3 (Schollaen et al., 2013; Fig. 5B)
32 L€otschental, Switzerland; 46.40 �N, 7.75 �E; 1725 m Larix Conifer 6 (Treydte et al., 2014; Fig. 2d)
33 Tuttlingen, Germany; 47.98 �N, 8.75 �E; 750 m Fagus Angiosperm 5 (Offermann et al., 2011)

a Figure numbers refer to those in the listed reference, and do not correspond to figures shown in this study.
b d18Ocell data for the five new sites reported in “this study” are plotted in Fig. 2.
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3. Results and discussion

3.1. Global dataset of intra-ring oxygen isotope measurements on
wood cellulose

Intra-ring d18Ocell profiles that we produced (n¼ 5 sites) showed
increases and decreases in the d18Ocell values each growth year with
an average amplitude up to ~4‰ (Fig. 2B,DeG). When comparing
the intra-annual d18Ocell patterns of all 33 sites we noted two
distinct patterns. At twelve of the sites (1e2, 9e11, 20, 26e29,
32e33 within Fig. 1, Table 1), the minimum d18Ocell (d18Ocell(min))
value occurred near the ring boundary (transition from latewood to
earlywood); at all the other sites, d18Ocell(min) occurred closer to the
middle of each ring. We calculated the intra-annual change in
d18Ocell [D(d18Ocell)] in tree rings where d18Ocell(min) occurred near
the ring boundary as the average difference between the maximum
Fig. 2. Intra-ring d18Ocell data for seven of the 33 sites compiled for this study (Table 1,
Fig. 1), illustrating the partial range of D(d18Ocell) values observed across the global
dataset. Ring boundaries (dashed vertical lines) denote the first earlywood measure-
ment for each ring, separating the data into the four tree-rings depicted; the direction
of growth is left to right. D(d18Ocell) values were determined using Eqs. (1A) and (1B)
(Table 2); for illustration, d18Ocell(max) and d18Ocell(min) for one ring at each site are
indicated. The profiles depicted here are arranged in order of increasing D(d18Ocell)
value (top to bottom) and show the five sites for which this study reports new d18Ocell

data: (B) Tokyo, Japan (Site 3; D(d18Ocell) ¼ �4.3‰); (D) Ås, Norway (Site 5;
D(d18Ocell) ¼ 2.4‰); (E) Harstad, Norway (Site 2; D(d18Ocell) ¼ 2.4‰); (F) Mauna Kea,
Hawaii (Site 1; D(d18Ocell) ¼ 2.6‰); and (G) Palmer, Alaska (Site 4; D(d18Ocell) ¼ 3.8‰)
(data are provided in Supplementary Table 1). Intra-ring data from four of the tree
rings from (A) La Selva, Costa Rica (Site 17; D(d18Ocell) ¼ �6.4‰) and (C) Gazi Bay,
Kenya (Site 28; D(d18Ocell) ¼ 1.4‰) are included to fully visually illustrate the difference
between isotopic profiles of varying D(d18Ocell) value. The genus of each tree involved,
as well as the number of rings for each of the 33 sites, is specified within Table 1.
(d18Ocell(max)) and minimum (d18Ocell(min)) d18Ocell value within each
ring:

D
�
d18Ocell

�
¼ d18OcellðmaxÞ � d18OcellðminÞ: (1A)

In contrast, for rings where d18Ocell(min) occurred closer to the
middle of the ring, we calculated D(d18Ocell) as:

D
�
d18Ocell

�
¼ d18OcellðminÞ � d18OcellðmaxÞ: (1B)

In this way, these two contrasting intra-annual d18Ocell patterns
yielded opposite signs. A list of the d18Ocell(max), d18Ocell(min), and
D(d18Ocell) values for all tree rings from each of the 33 sites are
provided in Supplementary Table 2. Across the full dataset of 33
sites, we saw D(d18Ocell) values range from �9.3 to 4.0‰ (positive
values when d18Ocell(min) occurred closer to the ring boundary, and
negative values when d18Ocell(min) occurred closer to the middle of
the ring) (Table 2) (Fig. 2), leading us to hypothesize that the large
range of climate characteristics for these sites might have found
expression within the large range of seasonal isotopic profiles we
observed. We tested this using a compilation of environmental data
that included monthly resolved climate data.

3.2. The relationship between the oxygen isotope values of wood
cellulose and meteoric water within a monthly-resolved dataset

Because the oxygen isotope composition of environmental wa-
ter (d18OMW) is influenced by multiple climate parameters (e.g.,
Rozanski et al., 1993), many studies have sought to quantify the
oxygen isotope relationship between d18OMW and plant cellulose
(d18Ocell) using empirical datasets. However, isotopic exchange oc-
curs during cellulose synthesis (e.g., Luo and Sternberg, 1992;
Sternberg et al., 1986) and is specific to the position of oxygen
within the glucose moiety (Sternberg et al., 2006, 2007). Three
main approaches have been used to search for a universally
applicable quantitative relationship between d18OMW and d18Ocell:
1) controlled growth of small plants using water of known isotopic
value (e.g., Roden and Ehleringer, 1999; Yakir and DeNiro, 1990); 2)
isotopic comparisons between stem cellulose and stem-extracted
water from living trees (e.g., Jahren and Sternberg, 2002, 2003);
3) correlation between the d18Ocell in multiple trees at multiple
sites with d18OMW values taken from independently compiled
datasets, such as the IAEA GNIP database (IAEA/WMO, 2006) (e.g.,
Saurer et al., 1997; Waterhouse et al., 2002), or calculated values
from the Online Isotopes in Precipitation Calculator (OIPC v 2.2)
(Bowen, 2013; Bowen et al., 2005) or equations within Bowen and
Wilkinson (2002) (e.g., Csank et al., 2013; Richter et al., 2008b). The
absolute value of the difference between d18OMW and d18Ocell
gained using approaches 1 and 2 (above) have yielded widely
disparate values for individual species, suggesting that, for any
universally-applicable relationship based on many different plant
species, the slope between d18Ocell and d18OMW is not equal to one.
Several workers have used approach 3 (above) to show correlations
between d18Ocell and d18OMW replete with slope and intercept for
conifer, angiosperm, and mixed forest communities. Table 3 shows
that such studies yielded slope values of 0.54e0.89 across a wide
range of geographical locations and plant types.

The high-resolution intra-ring profiles of d18Ocell that we pre-
sent here allow us to observe and quantify relative changes in the
isotopic composition of cellulose across the growing season. We
determined the slope of the relationship between this change in
the isotope composition of cellulose [D(d18Ocell)] and the intra-
annual change in the oxygen isotope composition of meteoric
water [D(d18OMW)] across all of the 33 tree-ring sites (Fig. 3) in
order to compare this slope value to the slopes observed for



Table 2
Climate and isotope data used to calculate D(d18Ocell)model, D(d18OMW)cell, D(d18OMW)model for each of the 33 tree-ring sites.

Site no.a Temperature
(�C)

Precipitation
(mm)c

D(d18Ocell)d (‰) D(d18Ocell)model
e (‰) D(d18OMW)f (‰) D(d18OMW)cellg (‰) D(d18OMW)model

h (‰)

Tmax Tmin
b Psummer Pwinter

1 15.5 11.6 146 256 2.6 ± 1.7 1.5 4.3 4.0 2.2
2 14.0 0.0 373 476 2.4 ± 0.7 4.1 6.0 3.6 6.2
3 26.5 3.2 1091 424 �4.3 ± 0.8 1.4 2.6 �6.5 2.2
4 14.7 0.0 264 107 3.8 ± 0.6 2.8 6.7 5.8 4.3
5 17.5 0.0 462 301 2.4 ± 2.7 3.4 4.4 3.6 5.1
6 19.2 17.2 2055 630 �6.1 ± 1.0 �7.3 �7.3 �9.2 �11.1
7 27.6 26.0 1562 724 �5.0 ± 1.0 �4.3 �5.1 �7.6 �6.5
8 19.8 10.8 343 248 0.0 ± 5.7 1.4 2.5 0.0 2.1
9 18.5 9.0 490 628 3.5 ± 0.7 2.8 2.4 5.3 4.3
10 19.3 9.8 455 900 4.0 ± 1.4 4.5 2.1 6.1 6.8
11 6.9 0.0 61 184 2.7 ± 1.3 2.5 5.4 4.1 3.8
12 17.5 0.0 319 106 2.2 ± 0.9 3.1 5.2 3.3 4.7
13 18.5 0.0 345 118 1.8 ± 0.9 3.2 5.3 2.8 4.9
14 21.9 0.0 534 446 2.0 ± 0.6 4.6 6.1 3.1 7.0
15 20.6 0.0 694 528 3.9 ± 3.0 4.0 5.6 5.8 6.0
16 24.5 23.0 1600 200 �4.4 ± 1.1 �7.3 �8.1 �6.6 �11.1
17 27.0 24.0 2830 1685 �6.4 ± 2.4 �5.7 �7.8 �9.7 �8.6
18 34.0 22.5 865 75 �4.6 ± 2.1 �2.4 �9.3 �7.0 �3.6
19 31.0 20.0 1410 120 �5.4 ± 1.3 �5.1 �8.7 �8.2 �7.7
20 22.8 6.5 413 445 3.9 ± 1.9 3.7 3.7 6.0 5.6
21 27.0 26.0 1625 1135 �2.3 ± 1.5 �2.5 �3.4 �3.5 �3.8
22 30.0 22.0 1144 117 �3.9 ± 1.4 �4.2 �5.7 �5.9 �6.3
23 26.5 25.0 1660 380 �3.3 ± 1.5 �6.7 �2.5 �5.0 �10.1
24 29.6 26.1 1396 336 �2.6 ± 1.6 �5.2 �2.1 �3.9 �7.8
25 27.7 20.0 1592 174 �9.3 ± 4.9 �6.3 �4.6 �14.1 �9.6
26 14.0 9.0 153 815 1.7 ± 0.5 4.7 4.4 2.5 7.2
27 27.5 10.0 95 488 3.4 ± 1.3 5.6 3.5 5.2 8.6
28 29.9 23.3 410 680 1.4 ± 0.3 2.2 2.5 2.1 3.4
29 18.5 9.0 526 662 2.5 ± 0.5 2.8 2.5 3.8 4.3
30 29.8 25.8 1145 290 �4.0 ± NA �4.0 �3.9 �6.1 �6.0
31 26.5 25.5 1480 415 �4.6 ± 1.2 �5.6 �2.7 �7.0 �8.5
32 16.7 0.0 556 453 4.1 ± 1.3 3.5 6.1 6.2 5.3
33 17.1 0.0 556 425 3.0 ± NA 3.5 5.4 4.5 5.3

a See Table 1 and Fig. 1.
b Because growth of new wood may stop or slow considerably when temperatures fall below freezing, we set Tmin ¼ 0 �C for sites with average monthly temperatures that

fell below 0 �C, which follows the protocols of Bowen et al. (2005).
c Psummer and Pwinter are the average total summer and winter precipitation, respectively (mm), where winter and summer were defined as 6-month periods (November

through April or May through October) based on whether sites were in the northern or southern hemispheres.
d Calculated using Eqs. (1A or 1B) from high-resolution, intra-ring d18Ocell measurements. Reported as the average± 1s.
e Calculated using Eq. (8) with A ¼ 0.0082, M ¼ 0.66, and the Tmax, Tmin, Psummer, and Pwinter values presented in this table.
f Calculated using Eqs. (2A or 2B) with long-term average monthly data from the IAEA-GNIP database or OIPC (v. 2.2) tool for months with average temperatures >0 �C.
g Calculated using Eq. (3) with M ¼ 0.66 and the D(d18Ocell) values presented in this table.
h Calculated using Eq. (7) with A ¼ 0.0082 and the Tmax, Tmin, Psummer, and Pwinter values presented in this table.
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relationships between absolute d18O cellulose and meteoric water
values (Table 3). To be consistent with calculated seasonal changes
in d18Ocell [D(d18Ocell); Eqs. (1A) and (1B)], we defined D(d18OMW)
values as the average difference between the maximum
(d18OMW(max)) and minimum (d18OMW(min)) monthly d18OMW
values:
Table 3
Oxygen isotope relationships between meteoric water and tree-ring cellulose [d18Ocell¼

Plant type(s) Slope

Correlation between d18OMW and d18Ocell
a

Conifers and angiosperms (all data) 0.61
Conifers and angiosperms (excludes Tucson, AZ) 0.60
Conifers and angiosperms (excludes Sugarloaf Key, FL) 0.89
Conifers and angiosperms 0.61
Angiosperms 0.54
Conifers 0.59
Fagus silvatica 0.76 ± 0.15
Quercus robur 0.59
Correlation between D(d18OMW) and D(d18Ocell) (data plotted in Fig. 3)
Conifers and angiosperms 0.66

a When d18OMW data were not provided, d18OMW values were calculated from measur
Fig. 1 within Sternberg et al. (2007): d18OMW¼ (d18OSW � 0.55)/1.15.
D
�
d18OMW

�
¼ d18OMWðmaxÞ � d18OMWðminÞ (2A)
or

D
�
d18OMW

�
¼ d18OMWðminÞ � d18OMWðmaxÞ: (2B)
(slope) (d18OMW) þ intercept].

Intercept (‰) R2 Reference

32.4 0.54 Sternberg et al. (2007)
31.9 0.58 Sternberg et al. (2007)
35.4 0.78 Sternberg et al. (2007)
33.2 0.70 Csank et al. (2013)
33.1 0.75 Richter et al. (2008b)
35.1 0.90 Richter et al. (2008b)
Not reported 0.55 Saurer et al. (1997)
33.4 0.67 Waterhouse et al. (2002)

0.0 0.74 This study

ements of the d18O value of stem water (d18OSW) using the following equation from



Fig. 3. Seasonal changes in the oxygen isotope composition profile of cellulose
[D(d18Ocell)] measured for all 33 tree-ring sites (Table 1) plotted against D(d18OMW)
determined using Eqs. (2A) and (2B) (Table 2). The relationship results in a slope
(M ¼ 0.66) that is within the range of slope values (0.54e0.76) reported for compar-
isons between whole-ring d18Ocell and d18OMW for diverse species (Table 3). Closed
circles represent the five new tree-ring sites; open circles represent the 28 published
tree-ring sites.
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Eq. (2A) was used for sites where d18OMW(min) values occurred in
winter (Northern Hemisphere: November through April; Southern
Hemisphere: May through October), and Eq. (2B) was used for sites
where d18OMW(min) occurred in summer months (Northern Hemi-
sphere: May through October; Southern Hemisphere: November
through April). Thus, calculated D(d18OMW) values were positive
when d18OMW(min) occurred during winter (Eq. (2A)) and negative
when d18OMW(min) occurred during summer (Eq. (2B)). This differs
from publications such as Bowen (2008), which calculated
D(d18OMW) using Eq. (2A) for all sites, thus exclusively generating
values >0‰. In our analysis the sign of the D(d18OMW) value in-
dicates the season of maximum (and minimum) d18OMW value, and
thus differentiates sites in which temperature and d18OMW value
are positively versus negatively correlated. D(d18OMW) values were
calculated using the monthly d18OMW data available for each site
from the IAEA GNIP month-by-month database (IAEA/WMO, 2006)
(Table 2). For samples from trees not located at GNIP sampling sites,
we used D(d18OMW) values generated by the Online Isotopes in
Precipitation Calculator (OIPC v 2.2) (Bowen, 2013), a tool created
by Bowen and Ravenaugh (2003) and Bowen et al. (2005) that
yields spatially-interpolated d18OMW values from the GNIP data-
base. The data used to calculate D(d18OMW) values for comparison
with tree-ring records were restricted to months with average
temperatures >0 �C (i.e., “growing-season” months), in order to be
consistent with the protocols described within Bowen et al. (2005).

For our dataset of intra-ring profiles from 33 sites, we found a
slope (M) ¼ 0.66 with an associated R2 ¼ 0.74 for the relationship
between D(d18OMW) calculated using Eqs. (2A) and (2B) and
D(d18Ocell) calculated using Eqs. (1A) and (1B) (Fig. 3). This slope
value falls within the range of slopes based on whole-ring d18Ocell

measurements (0.54e0.89; Table 3), and the slope value of 0.73
determined from whole-ring d18O measurements of cellulose-
derived phenylglucosazone (Sternberg et al., 2007). Based on the
scale of our dataset, we propose that intra-ring cellulose profiles
can be used to estimate the average intra-annual change in d18OMW
using the following equation:
D
�
d18OMW

�
¼ D

�
d18Ocell

�.
0:66: (3)

By studying relative changes in d18O, rather than absolute d18O
values, we avoid issues arising from differences in leaf-water
enrichment and transpiration among individual trees (e.g.,
Gessler et al., 2013), allowing us to also compare diverse species
that may otherwise have different intercept values (for example,
see Table 3) even when growing under the same conditions. Our
measured D(d18Ocell) values, which ranged from�9.4 to 4.0‰ for all
sites, yielded estimates of D(d18OMW) values ranging from �14.1 to
6.1‰ via Eq. (3) (Table 2). These cellulose-generated D(d18OMW)
estimates determined using Eq. (3) are hereafter described as
“D(d18OMW)cell”.

3.3. Global dataset of seasonal climate and the intra-annual change
in the oxygen isotope composition of meteoric water

We have quantified above how measurements of D(d18Ocell) can
be used to generate accurate estimates of D(d18OMW). Such esti-
mates would be extremely useful in paleoclimate reconstruction, if
they could be shown to correlate with meaningful climate charac-
teristics. Empirical datasets suggest that both temperature and
precipitation amount exert an influence on the isotopic composi-
tion of the resultant rainfall (e.g., Aragu�as-Aragu�as et al., 1998;
Bowen, 2008; Craig, 1961; Dansgaard, 1964; Gat and Matsui,
1991; Njitchoua et al., 1999; Rozanski et al., 1992, 1993). In order
to quantitatively evaluate the potential for D(d18OMW) to accurately
predict these two climate parameters, we compiled the average
precipitation (mm), temperature (�C), and d18OMW value for each
month of the year at the 365 globally distributed GNIP sites
pictured in Fig. 1, using the GNIP month-by-month database (IAEA/
WMO, 2006), as above. Although the database contains more than
900 sites, we limited our analysis to the 365 stations that reported
sufficient data for the calculation of Tmin, Tmax, Pwinter, Psummer, and
D(d18OMW), where Tmin is the average cold month mean tempera-
ture (�C), Tmax is the average warm month mean temperature (�C),
and Pwinter and Psummer are the average total winter and summer
precipitation (mm), respectively, where winter and summer were
defined as 6-month periods (November through April or May
through October) based on whether sites were in the northern or
southern hemispheres. As previously, D(d18OMW) is the average
difference between the maximum (d18OMW(max), ‰) and minimum
(d18OMW(min),‰) values (Eqs. (2A) and (2B)), but here data were not
restricted to only growing season months with average tempera-
tures >0 �C. A list of the 365 sites and the calculated Tmin, Tmax,
Pwinter, Psummer, and D(d18OMW) data are provided in Supplementary
Table 3. These sites, which span 158� of latitude, represent a wide
range of seasonal climates, from tropical environments near the
equator where the intra-annual change in temperature
(Tmax � Tmin) is <1 �C (e.g., Truk Island and Yap Island, Federated
States of Micronesia; Canton Island and Tarawa Island, Republic of
Kiribati; Madang, Papua New Guinea; Jayapura, Indonesia; and
Esmeraldas, Ecuador) to sites within continental interiors where
Tmax � Tmin> 40 �C (e.g., Ulaanbaatar, Mongolia and Hall Beach,
Nunavut, Canada). Similarly, seasonal changes in precipitation
(Pwinter � Psummer) ranged across the sites from Mediterranean cli-
mates with Pwinter� Psummer > 500mm (e.g., Antalya, Turkey; Perth,
Australia; Penhas Douradas, Portugal) to monsoon climates with
Pwinter � Psummer < �1500 mm (e.g., Manila, Philippines; Hong
Kong; Darwin, Northern Territory, Australia; San Salvador (Ilo-
pango), El Salvador; and Shillong, India). Based on this, we argue
that a relationship developed upon this large range in climate
characteristics can be considered to robustly include the entire
range of possible climates presently found on Earth.
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Maximum monthly d18OMW values (d18OMW(month)) occurred
during summer for 279 out of the 365 sites (76%), consistent with
the strong positive relationship between temperature and d18OMW
classically suggested (e.g., Dansgaard, 1964). Overall, D(d18OMW)
values ranged from <�10.0‰ (e.g., Hanoi, Vietnam and Shillong,
India) to >20.0‰ (Hall Beach and Pond Inlet, Nunavut, Canada;
Inuvik, Northwest Territories, Canada; and Ulaanbaatar, Mongolia);
D(d18OMW) generally increased with increasing distance from the
equator (R2 ¼ 0.48, P < 0.001). The highest and lowest D(d18OMW)
values were found within high-latitude continental interiors (e.g.,
Canada and Siberia) and low latitude monsoon regions (e.g.,
Southeast Asia, Central America, and South America), respectively
(Supplementary Table 3). We noted no correlation between
D(d18OMW) and the average annual amount-weighted oxygen
isotope value of meteoric water (R2 ¼ 0.02), indicating that mean-
annual and seasonal values yield different isotopic information.

3.4. The relationship between temperature and oxygen isotopes in
meteoric water within a monthly-resolved dataset

In order to discover a relationship between environmental tem-
perature and the oxygen isotope composition of precipitation
applicable to diverse climates across the planet, we plotted
d18OMW(month) values against the corresponding average monthly
temperature (Tmonth) for each of the 365 sites discussed above
(Fig. 4). The resulting relationship followed a hyperbolic relationship
across a very large range in temperature (�39.8 � Tmonth � 33.4 �C):

d18OMW month­hyperð Þ ¼ 17:57Tmonthð Þ= 39:89þ 0:44Tmonthð Þ½ �
� 12:33

(4)

with R ¼ 0.80 (n ¼ 4312) (Fig. 4). Our choice of fit as a hyperbolic
rather than linear relationship is consistent with the early obser-
vation by Dansgaard (1964) that curve-fit d18OMW values should not
exceed 0‰, except under highly evaporative conditions. Eq. (4)
produces monthly d18OMW values calculated from the best-fit hy-
perbolic function (d18OMW(month-hyper)) that are >0‰ only for
Tmonth > 40 �C, average monthly temperatures higher than those
found anywhere on Earth (New et al., 2002).

Previous analyses of the dependence of the oxygen isotope
composition of meteoric water on environmental temperature have
been performed using a regional dataset of mean annual values
Fig. 4. The effect of temperature on d18OMW. The long-term average value for each
month of the year (d18OMW(month), ‰) is plotted against the long-term average tem-
perature (Tmonth, �C) for the same month at the same site. Up to twelve monthly av-
erages were calculated for each of the 365 sites pictured in Fig. 1 (n ¼ 4312). The black
curve represents a best-fit hyperbolic relationship through the red data (r ¼ 0.80; Eq.
(4)).
(Dansgaard, 1964; Jouzel et al., 1997; Rozanski et al., 1992), or a
global dataset of sub-annual values at individual stations (Bowen,
2008) or across spatially distributed sites (Fricke and O'Neil,
1999). These analyses produced constant d18OMW/T gradient
values (‰/�C) from linear regressions fit through temperature and
d18OMW data. In contrast, our non-linear relationship developed
across the entire range of global temperature suggests that the
d18OMW/T gradient is not constant, but changes as a function of
temperature, consistent with observations made by Rozanski et al.
(1993). In order to quantify this, we calculated the d18OMW/T
gradient as the first derivative of Eq. (4):

d18OMW=T gradient ‰=�Cð Þ ¼ 701:01= 39:89þ 0:44Tmonthð Þ2:
(5)

Eq. (5) thus calculates the d18OMW/T gradient as a continuous
function of temperature and is based on a global dataset of average
monthly values. This determination of gradient as a function of
temperature is consistent with previous analyses that produced
constant gradient values across limited temperature ranges. For
example, the average gradient calculated using Eq. (5) for cold
months (i.e., Tmonth < 0 �C) is 0.59 ± 0.18‰/�C (mean ± 1s; n¼ 602),
which is very similar to gradients observed by Dansgaard (1964)
and Jouzel et al. (1997) (0.695 and 0.64‰/�C, respectively) for
sites with sub-freezing mean annual temperature (MAT). In addi-
tion, Bowen (2008) found that calculated gradients varied among
sites, especially when comparing high versus low-latitude sites. The
same study calculated an average gradient of 0.30 ± 0.10‰/�C
(mean± 1s) for sites with statistically significant linear correlations
(n ¼ 212), which is consistent with the average gradient of
0.36 ± 0.12‰/�C (mean ± 1s) calculated using Eq. (5) (n ¼ 4372).
Fricke and O'Neil (1999) determined gradients of 0.67, 0.58, and
0.42‰/�C using polar winter, mid-latitude winter, and mid-latitude
summer data, respectively. This decrease in gradient with
increasing temperature is consistent with the trends observed with
Eq. (5). Thus we use the single hyperbolic equation (Eq. (4)) to
describe the dependence of temperature on d18OMW; this equation
is consistent with and reconciles the previously published linear
gradient values obtained from diverse datasets.

The above analysis implies that using only monthly temperature
data from the GNIP database, Eq. (4) allows us to quantify the ox-
ygen isotope composition of meteoric water for any month of the
year. As an extension of this, we can use monthly temperature data
to quantify the average intra-annual change in d18OMW [D(d18OMW)]
as the difference between d18OMW(month) values determined at Tmax
and Tmin using Eq. (4):

D
�
d18OMW

�
¼ ½ð17:57TmaxÞ=ð39:89þ 0:44TmaxÞ�
� ½ð17:57TminÞ=ð39:89þ 0:44TminÞ�:

(6)

D(d18OMW) values produced using Eq. (6) (hereafter known as
“D(d18OMW)T”) for the 365 sites are listed in Supplementary Table 3.
These data suggest that at warm sites, changes in temperature have
less effect on seasonal ranges in d18OMW than at cooler sites, as
predicted from Fig. 4. For example, the difference between Tmax and
Tmin in New Delhi, India (a warm site with Tmax ¼ 33.4 �C and
Tmin ¼ 14.1 �C) and Scoresbysund, Greenland (a cool site with
Tmax ¼ 2.8 �C and Tmin ¼ �16.6 �C) are nearly identical
(Tmax � Tmin ¼ 19.3 and 19.4 �C, respectively), but Eq. (6) produces
very different values of D(d18OMW)T for the two sites
(D(d18OMW)T ¼ 5.4 and 10.1‰ for New Delhi and Scoresbysund,
respectively). We note that at Scoresbysund, a site without a sig-
nificant wet season, the value of D(d18OMW)T generated by Eq. (6)
(10.1‰) closely approximates the D(d18OMW) value generated



Fig. 5. Correlation between the seasonal change in the oxygen isotopes in meteoric
water, as determined from the GNIP database [D(d18OMW)], versus calculations based
only on changes in temperature [D(d18OMW)T] using Eq. (6). Data were separated into
(A) high-latitude (>37� north or south of the equator) and (B) low-latitude (<37� north
or south of the equator) sites to illustrate that seasonal changes in d18OMW are strongly
controlled by temperature at high-latitude sites (R2 ¼ 0.78), but not at low-latitude
sites (R2 ¼ 0.09).
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from the GNIP database (9.4‰). In contrast, for New Delhi, which
has a highly seasonal precipitation regime, the value of D(d18OMW)
generated by Eq. (6) (5.4‰) is very different from the D(d18OMW)
value generated from the GNIP database (�9.0‰). For sites like
New Delhi, the effect of the extreme differences in precipitation
amount must be taken into account in order to accurately predict
D(d18OMW) value using temperature information.

3.5. Incorporating the effects of precipitation amount on oxygen
isotopes in meteoric water

On a global scale, a pattern emerged for the discrepancies be-
tween the intra-annual change in d18OMW gained from average
monthly measured values in the GNIP database [D(d18OMW)] and
estimates based only on temperature [D(d18OMW)T]. While
D(d18OMW)T was calculated as being >0‰ for all 365 sites
(Supplementary Table 3), nearly a quarter of the sites (n ¼ 86) have
D(d18OMW) values <0‰ (i.e., d18OMW(min) occurring in summer
months; Eq. (2B)) (Fig. 5). Most (76%) of these sites with D(d18OMW)
<0‰ were located in the tropics, and all of them were located
within 37� north or south of the equator (Fig. 5B). Fig. 6 shows that
the highest absolute discrepancies between summer and winter
rainfall (jPwinter � Psummerj) occur in the tropics. Multiple authors
have described how heavy precipitation amount leads to lower
d18OMW values (Aragu�as-Aragu�as et al., 1998; Bowen, 2008;
Dansgaard, 1964; Rozanski et al., 1993). As a result, multiple
studies have observed annual lows in d18OMW during the summer
rainy season at tropical sites (e.g., Aragu�as-Aragu�as et al., 1998;
Dayem et al., 2010; Gonfiantini et al., 2001; Xie et al., 2011).
Based on this, we hypothesize that at low latitudes, the minimum
values of d18OMW(month) occurred during the summer as a product of
very rainy summers combined with relatively smaller temperature
changes between seasons. In order to add the precipitation amount
effect to the calculation of D(d18OMW) within Eq. (6), we inserted a
term that scales the influence of (Pwinter � Psummer) by a positive
constant (A):

D
�
d18OMW

�
model

¼ ½ð17:57TmaxÞ=ð39:89þ 0:44TmaxÞ�
� ½ð17:57TminÞ=ð39:89þ 0:44TminÞ�
þ AðPwinter � PsummerÞ:

(7)

Eq. (7) models the intra-annual change in d18OMW using seasonal
climate parameters of both temperature and precipitation
[D(d18OMW)model]. The equation is structured such that an increase
in winter precipitation relative to summer precipitation will yield
greater D(d18OMW)model values and vice-versa. Such an equation
could be useful for the calculation of paleotemperature and/or
paleoseasonality under scenarios where fossil cellulose is available
for analysis. In order to determine the best value of A, we used GNIP
database values for Tmax, Tmin, Pwinter, Psummer, and D(d18OMW) at
each of the 365 sites listed (Supplementary Table 3) and shown on
Fig. 1. We iteratively minimized the sum of the residuals squared
[(D(d18OMW) � D(d18OMW)model)2] using Eq. (7); this optimization
yielded A ¼ 0.0082 with R2 ¼ 0.68 for the 1:1 line
D(d18OMW) ¼ D(d18OMW)model (Fig. 7). Thus our analysis of the GNIP
database revealed that a 100 mm increase or decrease in the bal-
ance between Pwinter and Psummer changes D(d18OMW)model by
0.82‰.

The d18OMW depletion rate we determined here (A ¼ 0.0082‰/
mm) is somewhat lower than rates reported from other studies
[e.g., 0.0198 ± 0.0115‰/mm, Bowen (2008); 0.0178 and 0.019‰/
mm, Jouzel et al. (1997); 0.0124‰/mm, Lachniet and Patterson
(2009)]. Our lower rate likely results from our inclusion of all 365
sites in our analysis, whereas these previous studies focused only
on sites with significant isotopeeprecipitation relationships
(Bowen, 2008), tropical and monsoonal regions with strong
changes in seasonal precipitation (Jouzel et al., 1997), or sites within
a small geographic region (Lachniet and Patterson, 2009). As shown
in Bowen (2008), middle to high latitude sites, which are well-
represented in our dataset (Fig. 1), display an inverse relationship
between precipitation amount and d18OMW that results from the
temperature effect dominating the d18OMW signal at these sites.
Inclusion of these temperature-dominated sites in our analysis



Fig. 6. Seasonal precipitation data calculated as the absolute difference between
summer (Psummer) and winter (Pwinter) precipitation (jPwinter � Psummerj; mm) plotted
with respect to latitude, showing increased precipitation seasonality at low latitude
sites. We note that all sites with D(d18OMW) < 0‰ (Eq. (2)) were located within 37� of
the equator (between the dashed lines), where seasonal changes in precipitation are
the greatest.
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results in a lower depletion rate than is determined when only
examining low latitude sites. For example, we calculate
A¼ 0.0165‰/mm for sites within 30� latitude of the equator, which
is nearly the same as the published values for these regions
determined using other methods (see above). We note that further
optimization of our equations for specific regions of the world may
increase the correlation coefficients and reduce the scatter between
the measured and modeled values; however, this regional infor-
mation may not be available when applying this work to fossil
wood. Therefore, we choose to use our globally optimized rate of
0.0082‰/mm in order to maintain the greatest applicability within
the fossil record.
Fig. 7. Correlation between the measured seasonal change in the oxygen isotope value
of meteoric water, as calculated from the GNIP database [D(d18OMW)], versus estimates
using Eq. (7) [D(d18OMW)model] (red points, n ¼ 365). Also shown is the correlation
between the seasonal change in the oxygen isotope value of meteoric water as
calculated from intra-ring d18Ocell measurements [D(d18OMW)cell; Eq. (3) withM ¼ 0.66]
versus estimates using Eq. (7) [D(d18OMW)model; black circles, n ¼ 33)]. Closed circles
represent the five new tree-ring sites; open circles represent the 28 published tree-
ring sites.
3.6. Eq. (7) as a unified method for incorporating the effects of
seasonal climate upon intra-annual changes in the oxygen isotope
composition of meteoric water

Multiple previous workers have examined how temperature
and precipitation affect the seasonal change in d18O measured in
precipitation (e.g., Aragu�as-Aragu�as et al., 1998; Bowen, 2008;
Dansgaard, 1964; Rozanski et al., 1992, 1993). For example, Bowen
(2008) used the GNIP database to compare the magnitude of the
intra-annual d18OMW signal to slope coefficients for the regression
of long-term monthly average d18OMW on temperature and pre-
cipitation made at individual sites. This work produced maps
showing spatial variation in the slopes of these relationships across
all land areas. Bowen (2008) noted, however, that temperature and
precipitation are often autocorrelated, which makes separating
these effects difficult. For this reason, we independently deter-
mined the temperature relationship first (Eqs. (4) and (6)), and only
then did we proceed to optimize the precipitation coefficient (A).
Furthermore, D(d18OMW) values can be positive (Eq. (2A)) or
negative (Eq. (2B)), which makes our analysis applicable to the
many sites that show an inverse relationship between temperature
and d18OMW due to a strong seasonal precipitation component (e.g.,
monsoon climates). Lastly, our analysis quantified the temperature
effect using a hyperbolic, rather than linear relationship to better
approximate the data, which shows a decrease in the effect of
temperature on d18OMW as temperatures increase (Fig. 4). In this
way, a 10 �C seasonal change in temperature from �10 to 0 �C, for
example, would result in a greater expected intra-annual change in
d18OMW (5.0‰) than a 10 �C seasonal change in temperature from
20 to 30 �C (2.7‰) (Eq. (6)).

The residual between the measured and modeled D(d18OMW)
value [residual ¼ D(d18OMW) � D(d18OMW)model] associated with
each site was poorly correlated with site distance (in degrees lati-
tude) from the equator (R2 ¼ 0.06). We note, however, that the
residual was closer to zero for sites warm enough to support
forested ecosystems: i.e., at sites with MAT > �5 �C (n ¼ 342) or
Tmin � �25 �C (n ¼ 348) the residual averaged only �0.59‰
and �0.64‰, respectively. In contrast, residuals were highest at
very cold sites: sites with MAT < �5 �C (n ¼ 23) or Tmin < �25 �C
(n ¼ 17) averaged residuals of �6.5‰ and �7.6‰, respectively. In
addition, the absolute magnitude of the residual increased with
decreasing Tmin for sites with Tmin< 0 �C (R2 ¼ 0.33; P < 0.0001;
n ¼ 118). Based upon the above, we propose that seasonal changes
in temperature and precipitation (the model described by Eq. (7))
can be used to accurately predict intra-annual changes in d18OMW
across a wide geographic range of modern environments. We note
that while error is increased within cold tundra environments,
precision is highest across the Earth's environments that support a
diverse array of forested ecosystems, the very environments that
tend to produce wood suitable for high-resolution intra-annual
isotope analysis (Schubert and Jahren, 2011).

3.7. Relating the intra-annual change in the oxygen isotope
compositions of wood cellulose to seasonal climate

In order to evaluate the potential of using intra-ring d18Ocell

measurements to quantify seasonal climate,we plottedD(d18OMW)cell
values (Eq. (3)) versus the D(d18OMW)model values calculated using Eq.
(7) with Tmax, Tmin, Pwinter, Psummer values available for each of the 33
sites. The resultant agreement (R2¼ 0.82) is shown in Fig. 7. For all 33
of the tree-ring sites, the average absolute difference between the
cellulose-derived estimate of D(d18OMW) [D(d18OMW)cell] and the
climate-based estimate [D(d18OMW)model] was 2.2 ± 2.1‰ (±1s,
n¼ 33), which was actually less than the average absolute difference
of 3.0 ± 3.0‰ (±1s, n ¼ 365) determined between the measured



Fig. 8. Comparison between the D(d18Ocell) value measured within tree rings from
each of the 33 sites shown in Fig. 1 and the value of D(d18Ocell)model calculated using
known climate characteristics and Eq. (8), showing excellent agreement between the
measured and modeled values (R2 ¼ 0.82). Closed circles represent the five new tree-
ring sites; open circles represent the 28 published tree-ring sites.
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[D(d18OMW)] and modeled [D(d18OMW)model] values in the modern
precipitation dataset (P ¼ 0.06). The average residual between the
D(d18OMW)cell value and the D(d18OMW)model value was �0.7 ± 2.8‰
(±1s, n ¼ 33). Because there was a wide range in the number of tree
ringssampledateachsite (2e301rings,median¼5rings;Table1),we
examinedwhether the absolutemagnitude of the residual decreased
with an increase in the number of rings sampled, but found no such
trend (R2¼ 0.03,P¼ 0.38,n¼33). This suggests that the relatively low
numbersof rings sampled inmost studies (overhalf sampledonly2 to
5 rings) are sufficient for accurately reconstructing seasonal changes
in d18OMW from intra-ring d18Ocell measurements. For longer records,
seasonal changes in d18OMW could therefore be reconstructed in sub-
decadal (~2e5 year) sections.

Based on the excellent agreement between measured and
modeled data shown in (Fig. 7), we put forth a method for using
intra-ring isotope data to quantify the seasonal climate of both
temperature and precipitation. By combining Eqs. (3) and (7), we
present here an equation modeling the intra-annual change in
d18Ocell [D(d18Ocell)model] with seasonal changes in temperature and
precipitation:

D
�
d18Ocell

�
model

¼
h
ð17:57TmaxÞ=ð39:89þ 0:44TmaxÞ
� ð17:57TminÞ=ð39:89þ 0:44TminÞ
þ AðPwinter � PsummerÞ

i
*M

(8)

where Tmin� 0 �C,A¼0.0082, andM¼0.66.Whenwecompared the
value of D(d18Ocell) that we obtained fromwood samples (Eq. (1)) to
the value of D(d18Ocell)model calculated for each site using Eq. (8) in
conjunction with local climate data, we observed an excellent
agreement (R2 ¼ 0.82) (this is the same value determined between
D(d18OMW)cell and D(d18OMW)model because Eq. (8) is simply a scaled
version of Eq. (7)). The value of A¼ 0.0082, whichwas optimized for
the modern GNIP Dd18OMW dataset, is nearly identical to the value
that yields the highest correlation with the D(d18OMW)cell dataset
(R2 ¼ 0.82 for A ¼ 0.0082; R2 ¼ 0.83 for A ¼ 0.0091). The tree-ring
dataset (Table 1) shown in Fig. 8 suggests that Eq. (8) is applicable
to diverse tree species with different leaf morphologies and growth
strategies growing under a wide range of climate conditions.
3.8. Incorporation of high-resolution carbon and oxygen isotope
profiles across tree rings in order to quantify seasonal climate

Because Eq. (8) contains four unknown terms (i.e., Tmax, Tmin,
Pwinter, and Psummer), additional information is required to solve for
any one of these variables using high-resolution d18Ocell records.
We have previously shown that the average seasonal change in the
carbon isotope value [D(d13C)] measured across tree rings of a wide
range of evergreen species growing in diverse environments re-
flects changes in the ratio of summer to winter precipitation
amount (Psummer/Pwinter) (R2 ¼ 0.96), after seasonal changes in the
carbon isotopic composition of atmospheric carbon dioxide
½Dðd13CCO2

Þ� are taken into account (Schubert and Jahren, 2011):

D d13C
� �

¼ D d13CCO2

� �
� 0:82 ln Psummer=Pwinterð Þ½ � þ 0:73: (9)

Within the above, Psummer and Pwinter represent the average total
precipitation during the 6-month period (May through October or
November through April) during which the maximum and mini-
mum d13C values occurred, respectively. The value of Dðd13CCO2

Þ is
calculated based on the latitude of the site
[Dðd13CCO2

Þ ¼ 0:01Lþ 0:13, for sites north of 8 �S latitude;
Dðd13CCO2

Þ ¼ 0:05‰ for sites south of 8 �S latitude]. Because mean
annual precipitation (MAP) at any site can be written as the sum of
average total summer and winter precipitation:

MAP ¼ Psummer þ Pwinter; (10)

Eqs. (9) and (10) can be solved simultaneously to quantify average
total summer and winter precipitation amounts, provided that
there exists an independent estimate of MAP. Estimates of MAP can
be determined from other proxies including leaf-area analysis and
bioclimatic analysis based upon nearest living relatives
(Greenwood et al., 2010;Wilf et al., 1998) and paleosol data (Hyland
et al., 2015; Retallack, 2005; Sheldon et al., 2002). We have previ-
ously shown the utility of solving these equations for paleoclimate
reconstruction of seasonal precipitation by quantifying the relative
dominance of summer precipitation within the Arctic forests of the
Eocene epoch (Schubert et al., 2012).

Here we highlight the potential power of combining oxygen
isotope intra-ring data with carbon isotope intra-ring data in order
to solve for all of the variables in Eq. (8) (i.e., Pwinter, Psummer, Tmax,
Tmin), provided that MAT and MAP are known, or have been esti-
mated for a given site. We note that estimates of MAT are available
for many terrestrial fossil sites using a myriad of proxies including
isotopic equilibrium between terrestrial carbonate and environ-
mental water (Jahren and Sternberg, 2003); membrane lipids of
bacteria (e.g., Weijers et al., 2006); leaf-margin analysis and
bioclimatic analysis (e.g., Greenwood et al., 2005, 2010); the
Climate-Leaf Analysis Multivariate Program (Wolfe, 1994); com-
bined ring width and d18O measurements (Ballantyne et al., 2006);
smectite geothermometry (Mix and Chamberlain, 2014); and the
coexistence approach, which is based on the habitable climate
zones of the nearest living relatives of the fossil taxa (e.g.,
Mosbrugger and Utescher, 1997; Popova et al., 2012).

Our inspection of a global dataset of monthly temperatures
across all land areas except Antarctica (New et al., 2002) reveals
that the following approximation of MAT:

MAT ¼ Tmax þ Tminð Þ=2 (11)

shows excellent correlationwith MAT values calculated using all 12
months of the year (R2 > 0.99, n ¼ 566,262) (Fig. 9). Thus Eqs.
(8)e(11), solved simultaneously, will allow for the calculation of
Pwinter, Psummer, Tmax and Tmin from high-resolution d13C and d18Ocell



Fig. 9. Correlation between MAT determined by averaging monthly temperature data
for all 12 months and MAT calculated as the average temperature determined only
using data for the warmest (Tmax) and coldest (Tmin) months (Eq. (11)). Monthly
temperature data used to calculate MAT were from a global dataset determined for all
land areas, except Antarctica, at 100 spatial resolution (New et al., 2002).

Fig. 10. Intra-ring carbon isotope data for the three evergreen trees also analyzed for
d18Ocell in this study. Dashed, vertical lines denote ring boundaries; the direction of
growth is left to right. The three profiles represent (A) Mauna Kea, Hawaii (Site 1;
D(d13Cbulk) ¼ 1.30‰); (B) Palmer, Alaska (Site 4; D(d13Ccell) ¼ 1.05‰); and (C) Ås,
Norway (Site 5; D(d13Ccell) ¼ 1.38‰). D(d13C) values were calculated as the average
difference between the maximum d13C value of a given year and the preceding min-
imum d13C value of the annual cycle (after Schubert and Jahren, 2011). Data from
Mauna Kea, Hawaii (A) represents bulk wood measurements from Schubert and Jahren
(2011); data from Palmer, Alaska (B) and Ås, Norway (C) are new carbon isotope
measurements made on the same cellulose samples extracted for d18O analyses (Fig. 2).
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profiles across modern or fossil wood.
We can show the validity of this technique to accurately predict

seasonal climate by applying it to data from trees at modern sites
with known climate conditions. Fig. 10 shows intra-ring d13C values
for three evergreen trees that we sampled for both d13C and d18Ocell
data (sites 1, 4 and 5); two published studies of other sites shown in
Fig. 1 (sites 21 and 28) also feature the necessary high-resolution
d13C and d18Ocell data. We first determined Pwinter and Psummer
from the intra-ring d13C data for the five sites using Eqs. (9) and (10)
(after Schubert and Jahren, 2011; Schubert et al., 2012) and then
compared these calculated values to the actual values measured at
each site; the results of this comparison showed high correlation
(R2 ¼ 0.98) (Fig. 11A). We then used these d13C-based estimates of
Pwinter and Psummer and Eqs. (8) and (11) to calculate both Tmax and
Tmin. The calculated values for Tmax and Tmin also showed excellent
agreement with reported temperature data for each site (Fig. 11B;
R2 ¼ 0.91). These results confirm that across diverse sites and tree
species, seasonal climate (Tmax, Tmin, Pwinter, and Psummer) can be
accurately quantified using a combination of carbon and oxygen
intra-ring isotope profiles.
4. Conclusions and implications for reconstructing
paleoclimate seasonality

Our analysis shows that average intra-annual changes in d18Ocell
measured across tree rings (Fig. 2) do in fact reflect average sea-
sonal changes in d18OMW (Eq. (3); Fig. 3) and these seasonal changes
in d18OMW are in turn affected by the average seasonal climate (Eq.
(7)). The strong correlation between the measured and modeled
D(d18Ocell) values (Fig. 8) demonstrates the potential for Eq. (8) to be
used to reconstruct average seasonality using ancient tree-rings.
The augmentation of d18O data with d13C can be used to solve for
more variables, allowing for the quantification of multiple aspects
of paleoclimate, including both temperature and precipitation. The
work presented here is based on empirical relationships from
global datasets, but may not be applicable to certain environments.
For example, studies have shown that within fog-dominated eco-
systems (Anchukaitis et al., 2008; Roden et al., 2009), semiarid
environments (Kanner et al., 2014), or regions where seasonal
variation in d18OMW is affected by large-scale vapor transport pat-
terns (Bowen, 2008; Bowen and Wilkinson, 2002; Breecker, 2013;
Liu et al., 2013; Saurer et al., 2012) the local effects of changes in
moisture source on the intra-annual d18Ocell pattern may be
important. Our dataset does include such ecosystems [e.g., site 26
(significant fog); sites 1, 4, 11e13 (dry, MAP < 500 mm); sites 6, 16,
18e19, 22e25, 30e31 (monsoonal)] and our model using only
changes in seasonal temperature and precipitation amount does
successfully explain much of the variability in the measured intra-
ring d18Ocell signal worldwide (R2 ¼ 0.82) (Fig. 8), but this rela-
tionship could be refined on a case-by-case basis for a specific lo-
cality subject to any of the phenomena itemized above. In addition,
the analysis described here only investigates average conditions
and does not investigate inter-annual variability in the seasonal
signal.

Much work has been done to show that the quality of infor-
mation gained from intra-ring isotope analysis is dependent upon
several factors, including sampling frequency/resolution across the
tree rings (Schubert and Jahren, 2011), inconsistent growth rates
and/or tree-rooting depth (Rinne et al., 2013; Sarris et al., 2013), the
impact of snowmelt on the d18O value of tree-ring cellulose at the



Fig. 11. Correlation between measured and modeled precipitation (A) and temperature
(B) data for five of the sites shown on Fig. 1 that contain both high-resolution d13C and
d18Ocell data from evergreen species (Sites 1, 4, 5, 21, and 28; Table 1). For each site,
modeled values for Psummer and Pwinter (panel A) were calculated by solving Eqs. (9) and
(10) simultaneously using independent measurements of MAP (Table 2) and D(d13C)
values determined within Fig. 10 (Sites 1, 4, and 5) and Schubert and Jahren (2011)
(Sites 21 and 28). Modeled values for Tmax and Tmin (panel B) were calculated by
solving Eqs. (8) and (11) using the modeled (d13C-based) Psummer and Pwinter values
shown in panel (A), and data presented within Table 2.
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beginning of the growing season (Knorre et al., 2010; Vaganov et al.,
1999), and decreases in the intra-annual d18O signal of river or
groundwater relative to that of precipitation due tomixing (Dutton
et al., 2005). Our analysis shows that the variation in D(d18Ocell)
measured across diverse sites (each presumably subject to many of
the above) can be effectively approximated quantitatively using the
variability in seasonal temperature and precipitation amount. Plant
characteristics that are known to affect absolute d18Ocell values, but
do not change seasonally, would not affect the applicability of the
equations presented above. Such characteristics include tree spe-
cies (e.g., Wang et al., 1998), stomatal density (Larcher et al., 2015),
and differences in leaf-water enrichment and transpiration among
individual trees (e.g., Gessler et al., 2013). Likewise, absolute
d18OMW values have been shown to vary as a function of geographic
parameters such as elevation (altitude) or distance from the coast
(e.g., Dotsika et al., 2010; Dutton et al., 2005; Garzione et al., 2000;
Gonfiantini et al., 2001; Rozanski et al., 1993), but these too, do not
change seasonally. Seasonal variations in the contribution of
different carbohydrate sources to tree-ring formation might intro-
duce additional variability in deciduous species that rely on
remobilized starches to produce leaf tissue in spring (Offermann
et al., 2011). We note that storm track trajectories, evapotranspi-
ration, moisture recycling, and transport processes (e.g., advection
versus eddy diffusion) can also vary seasonally and therefore likely
account for some of the scatter observed in our relationships and
some of the more subtle differences among sites (Winnick et al.,
2014). Additional scatter may arise from non-uniform sample res-
olution, and inexact agreement between the meteorological data at
the climate station (or d18OMW data generated by the OIPC) and the
tree-ring sites. However, the robustness and general applicability of
our relationships across diverse species (Table 1) growing across a
wide geographic extent (Fig. 1) is illustrated by the strong corre-
lation between the measured and modeled values determined here
(Figs. 7 and 8) and bodes well for application to recent and ancient
tree-ring records (e.g., Jahren and Sternberg, 2008; Schubert et al.,
2012).

Our result that temperature and precipitation are the dominant
drivers of the intra-annual change in d18Ocell is consistent with
previous interpretations made at individual sites where workers
have commonly correlated intra-annual d18Ocell measurements with
seasonal temperature, precipitation, and/or humidity for sites with
known climate records (e.g., Barbour et al., 2002; Berkelhammer and
Stott, 2009; Dodd et al., 2008; Managave et al., 2010; Pons and Helle,
2011; Schollaen et al., 2013). These site-specific relationships have
been used to calibrate a local climate proxy based on intra-annual
d18Ocell measurements (e.g., Anchukaitis et al., 2008; Ballantyne
et al., 2011; Evans and Schrag, 2004; Zhu et al., 2012), although the
sensitivities of different environmental variables may change
through time (Kanner et al., 2013). The work we present here,
however, provides a general, widely applicable relationship that can
be used on modern and fossil samples. This is a particularly impor-
tant result because local calibration relationships are not possible for
locations or time periods for which no instrumental or independent
proxy records exist (e.g., Fricke and O'Neil, 1999). Fig. 11 shows that
application of Eqs. (8)e(11) is robust across different genera repre-
senting angiosperm and gymnosperm trees growing under a wide
range of climate conditions worldwide. Thewide applicability of this
relationship to diverse climates, species, and geographic locations
makes it particularly relevant to reconstructing climate frommodern
and fossil tree rings. While analyzing for oxygen isotopes from
extracted cellulose, it is relatively simple to include a carbon isotope
measurement, allowing for the convenient production of all data
necessary to use Eqs. (8)e(11) to expand on reconstructions of mean
annual temperature to solve quantitatively for seasonal temperature.
Such valuable insight into seasonal change in climate parameters
represents an advance in our understanding of paleoclimate, over
previous interpretations built only upon mean annual estimates.
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